Growth of InAs͑001͒ homoepitaxial layer has been carried out especially at the bistable region, where the coexistence of both In-stabilized ͑4 ϫ 2͒ and As-stabilized ͑2 ϫ 4͒ surface reconstruction are found to be predominant. The observation of pyramid morphology in this bistable region is reported here. Atomic force microscopy studies have been performed on such pyramids. The heights of the observed pyramids vary from 12 to 26 nm with their bases from 3.6ϫ 1.2 to 18 ϫ 6.3 m 2 . Formation of such pyramids in the bistable region is attributed to the unique anomalous As-desorption observed during the surface reconstruction. © 2010 American Institute of Physics. ͓doi:10.1063/1.3481077͔
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Atomic scale changes happening during the growth of III-V epitaxial layers by molecular beam epitaxy had played an important role in understanding the growth mechanism providing various information on nucleation, evolution of growth modes, defect formation, island formation, and surface reconstruction. There have been many reports explaining various surface informations during the homoepitaxial growth of III-V materials. Anisotropic mounds and island formation during the homoepitaxial growth of GaAs͑001͒, [1] [2] [3] [4] periodic elongation of terraces in InP homoepitaxy, 5 straight edge formation on InAs͑001͒ vicinal surface 6 are few reports especially in homoepitaxy. The formation of such mounds, terrace, and islands, in general, the morphology of epitaxial films as the result of three-dimensional ͑3D͒ nucleation are mainly triggered by many parameters like V/III flux, substrate temperature, deposition rate, surface reconstruction, and the thickness of the growing epilayer.
Among the various III-V compound semiconductors, InAs is attracted for long-wavelength, high carrier mobility, 7 high speed, and high frequency applications. 8 Epitaxial thin films for post complementary metal-oxide-semiconductor digital integrated circuits 9 and high performance spin devices [10] [11] [12] require the surfaces to be atomically smooth with low defect densities in critical conditions. However the formation of 3D structures or islands on the III-V surfaces is found to be an important study to explore the growth mechanism. The effects of such surface modifications have shown some confinement on characterizing such surfaces. 13 On the other hand, investigation on the surface morphology remains important on realization of high quality heterostructures. There have been few theoretical investigations on InAs͑001͒ surface to elucidate the growth mechanism. [14] [15] [16] [17] [18] Relatively few experimental work on the InAs͑001͒ surface were done which mainly concentrate on the surface reconstruction. [19] [20] [21] [22] [23] Bell et al. 24 have investigated the islands and defects formation on InAs͑001͒ surfaces, whereas the growth was carried out at low temperatures. In this letter, we report mainly the analysis of InAs surfaces as a function of substrate temperature especially at high temperatures around ͑2 ϫ 4͒ to ͑4 ϫ 2͒ surface reconstruction. Previous reports on the growth of InAs layer at higher temperatures 465-510°C close to ͑2 ϫ 4͒ to ͑4 ϫ 2͒ transition is known for its higher mobility and have shown promising device performances. 7, 25 However the growths beyond 510°C for particular As-pressure taken up in this study, falls in the bistable region displays pyramid morphology. Meanwhile retaining a smallest interface roughness during the growth of InAs channel at high temperatures, by adjusting the V/III ratio have demonstrated some highest mobility upto 32 000 cm 2 / V s, which is significant for device applications. 26 A typical first order phase transition between Instabilized ͑4 ϫ 2͒ region and As-stabilized ͑2 ϫ 4͒ region was observed for InAs͑001͒ surface. It experiences a hysteresis on increasing and decreasing the temperature of the substrate between ͑2 ϫ 4͒ and ͑4 ϫ 2͒ regions. 21, 22 Moreover the boundary between the two major regions is not sharp but separated with a band of transition temperatures, where the transition band holds a bistable phase with both ͑2 ϫ 4͒ and ͑4 ϫ 2͒ phases. 6, 22 Oxide removal process of InAs substrate and the growth chamber are exactly same as reported in our previous publication. 12 With reference to the surface reconstruction diagram, 300-nm-thick InAs layer was grown under As-pressure with a beam-equivalent-pressure ratio of As to In of about 12. The As-pressure is almost between 5.8 ϫ 10 −6 to 6.2ϫ 10 −6 Torr throughout all the growth experiments. Each growth was carried out with different substrate temperatures from 450 to 525°C as shown in Fig. 1 . The G1 to G6 shown in Fig. 1 represent the growth conditions employed for the growth of InAs surfaces. Among the above growth conditions, especially G1 and G2, grown at the bistable region ͓In-stabilized ͑4 ϫ 2͒ and As-stabilized morphology observed during the growth of InAs at the bistable region has been analyzed with a LASER microscope ͑Keyence Voilet LASER color 3D profile microscope VK-9510͒ and atomic force microscope ͑AFM͒ ͑Nanoscope IIIa͒ operated in contact mode. The native oxide removal temperature, growth temperature, and indium desorptiontemperature all happen to be in a narrow temperature range for InAs which make this investigation a more essential one. We conducted the surface reconstruction experiments and the InAs growth in the same growth chamber to avoid the measurement errors. Our surface reconstruction behavior satisfies well with the previous reports. 22, 27 Three types of pyramid structures were observed on the surface grown at 525°C ͑marked as G1͒ in the edge of the bistable region as shown in Figs. 2͑a͒ and 2͑b͒ . These truncated pyramids with flat and edge terrace are observed only in this case and found to be more in number than the welldefined ones. The mechanism behind the formation of such pyramid morphology is discussed in the latter part. Figure  3͑a͒ is the surface grown at 517°C ͑marked as G2͒ exactly in the bistable region, where the surface has only welldefined pyramids having smaller dimensions compared to the previous case. Remaining InAs surfaces grown between 490 to 470°C in As-stabilized ͑2 ϫ 4͒ region ͑marked as G3, G4, and G5 in Fig. 1͒ do not show any pyramid morphology as observed in the pervious cases. However the surface remains rough with rms surface roughness of these samples ranging from 8.7 nm to 3.7 nm, respectively. The surface grown at 450°C in As-stabilized ͑2 ϫ 4͒ region ͑marked as G6 in Fig.  1͒ shows a smoother and flat surface with rms surface roughness less than 1.5 nm. To make sure that the surface defects of the substrate has no influence on the resultant pyramid morphology in G1, a separate experiment was carried out with the growth of buffer layer at 450°C and followed by the usual growth at 525°C, which also resulted with similar pyramid morphology as observed in the samples without InAs buffer layer. For the attempts with growth temperature higher than 525°C has resulted with indium desorption along with pyramid morphology is not presented here.
The pyramids observed at different growth temperatures in bistable region G1 and G2 ͓Figs. 2͑a͒ and 3͑a͔͒ were analyzed using the Atomic force microscopy and the results were shown in Figs. 2͑c͒ and 3͑b͒ , respectively. Figure 2͑c͒ shows the truncated pyramids and Fig. 3͑b͒ shows the well defined pyramids. The observed pyramids were subjected to section analysis ͓Figs. 2͑d͒ and 3͑c͔͒ to measure their basic length and breadth dimensions. The length to breadth ratio of the all these pyramids observed in this study are approximately 3:1 irrespective of their types. The height of the pyramids vary from 26 to 12 nm with their bases are around 18 ϫ 6.3 and 3.6ϫ 1.2 m 2 for G1 and G2, respectively. Irrespective of the growth temperature, all the pyramid formations were extended along ͓110͔ direction, whereas the density of the pyramids is found to be less for G2 compared with G1. The average terrace widths of each step along the breadth and length side of the pyramids are found to be around 260 nm and 750 nm, respectively, with periodic step bunching to an approximate height of 2 nm. As the number of steps along the pyramid face are accounted approximately, these dimensions are roughly estimated to add more details on the observed pyramids.
The evolution of 3D structures ͑pyramid morphology͒ in the bistable transition region can be explained in the following manner. First of all the formation of these pyramids is observed only in the bistable region between 510 to 525°C. This can be attributed as a result of coexistence of both Instabilized ͑4 ϫ 2͒ and As-stabilized ͑2 ϫ 4͒ surface. 6 Ratsch et al. 14 and Carter et al. 28 have done a detailed As-desorption investigations using density functional theory ͑DFT͒ calculations and kinetic Monte Carlo simulations along with their scanning tunneling microscope studies and confirmed that the surface reconstruction between ͑2 ϫ 4͒ and ͑4 ϫ 2͒ surfaces can further move from initial As-rich ␤2͑2 ϫ 4͒ structure to In-stabilized ͑4 ϫ 2͒ structure through an intermediate partial As-desorbed ␣2͑2 ϫ 4͒ structure. 29 This ␤2͑2 ϫ 4͒ and ␣2͑2 ϫ 4͒ are basically similar one with different Asdesorption rate during the surface reconstruction. Hence the ␣2͑2 ϫ 4͒ and ͑4 ϫ 2͒ structures form a two-domain mixed surface͑bistable region͒ with the change in surface energy which might limit the migration of In adatoms leading to formation of 3D structures. Moreover the formation of 100 nm step edge observed by Ohkouchi et al. as a result of ͑4 ϫ 2͒ reconstruction may also happen partially in the present case. This may affect the migration of In atoms in the overall surface and limit the growth in the ␣2͑2 ϫ 4͒ surface. Further the elongations of the observed pyramids along ͓110͔ directions are also in a similar way as step edge directions observed by Ohkouchi et al. 6 The transition between ␣2͑2 ϫ 4͒ and ͑4 ϫ 2͒ happens with anomalous As-desorption as explained with the following desorption rate equation:
where ⌫ is the desorption rate, T is the surface temperature, and k B is the Boltzmann constant. Desorption prefactor, , was found to be 1.5ϫ 10 19 s −1 for InAs surface and this desorption prefactor for other III-V materials are usually around 10 13 s −1 . 29, 30 In the above equation desorption prefactor and T, the substrate temperature are key parameters determining the desorption rate. The ␤2͑2 ϫ 4͒ to ␣2͑2 ϫ 4͒ and ␣2͑2 ϫ 4͒ to ͑4 ϫ 2͒ surface transitions take place with the different As-desorption rates with the desorption prefactor around 10 17 s −1 and 10 19 s −1 , respectively. Such a unique anomalous As-desorption rate observed in InAs might be a key reason for the formation of such morphology. So the contributions of In-migration due to surface diffusionkinetics and anomalous As-desorption in the transition region have played a key role in the formation of pyramids. Surface roughening was observed in the temperature range of 470-490°C, where ␤2͑2 ϫ 4͒ to ␣2͑2 ϫ 4͒ transition is predominant with least As-dimer defects and island formation. The As-dimer defects as a result of ␤2͑2 ϫ 4͒ to ␣2͑2 ϫ 4͒ transition accompanied with unimolecular intermediate Asdesorption rate have been investigated in detail both experimentally and theoretically. 6, 15, 16, 24, 29 In summary, the growth of InAs epitaxy in the bistable region of ͑4 ϫ 2͒ and ͑2 ϫ 4͒ surface has revealed the formation of pyramid morphology. The effect of surface roughening in ␤2͑2 ϫ 4͒ to ␣2͑2 ϫ 4͒ transition region is attributed with the nominal As-desorption observed in this region. The pyramid morphology of InAs surface has been analyzed with AFM and the possible mechanism behind the formation of such pyramids were discussed. Formation of such pyramids in the bistable region during ␣2͑2 ϫ 4͒ to ͑4 ϫ 2͒ transition might be as the result of unique anomalous As-desorption observed in the InAs. Hence such surface information on InAs in a narrow temperature would be highly useful in realization of high performance heterostructures.
